The effect of evanescent waves on the radiative energy transfer between two half planes has been studied in the past. [1] [2] [3] It is well known from these studies that tunneling of evanescent waves can increase the radiative energy transfer above Planck's law. The potential for utilizing this increase for thermophotovoltaic ͑TPV͒ applications has also been studied. [3] [4] [5] The tunneling of evanescent waves, however, is a broadband phenomenon that favors long wavelength photons below the band gap of the photovoltaic ͑PV͒ material. More recently, the effect of electromagnetic surface excitations 6 on the energy density in the near field of a half plane of silicon carbide ͑SiC͒, a material which can support surface phonon polaritons, adjacent to vacuum has been studied. [7] [8] [9] Thermal near fields in such cases have been shown to exhibit not only an increase of energy density but also greater spatial coherence and narrower bandwidth as compared to blackbody radiation. In this letter, we propose and analyze a structure to make use of the pseudomonochromatic nature of the energy transfer due to thermally excited surface waves and the near field effect to improve the performance of TPV generators. Because the efficiency of a TPV generator increases for narrow-band radiators, 10, 11 we expect that the transfer due to surface modes can be used to increase not only the power density but also the efficiency of the TPV generator.
We have analyzed the radiative energy transfer between layered media, with one of the layers being the thermal source, using the method of Green's functions. 12 The source is assumed to be a half plane, adjacent to which are layers of different media, each characterized by a dielectric function ͑we consider only nonmagnetic materials͒. The Fourier component of the fluctuating electric field, E(r 1 ,), and magnetic field, H(r 1 ,), at any point, r 1 , outside a volume containing the sources is given by
where G ញ e (r 1 ,r,) and G ញ h (r 1 ,r,), the dyadic Green's functions 12 due to a point source at r, are related by G ញ h (r 1 ,r,)ϭ" 1 ϫG ញ e (r 1 ,r,); J(r,) is the Fourier component of the current due to thermal fluctuations; and 0 is the permeability of vacuum. The integration is performed over the entire volume V containing the source. In order to compute the spectral Poynting vector at r 1 , we must compute the cross-spectral density of E i (r 1 ,t) and H j (r 1 ,t), ͗E i H j * ͘, where the * denotes the complex conjugate, the brackets denote a statistical ensemble average, and i and j refer to the three cartesian components (i j). In particular, the magnitude of the Poynting vector in the z direction is given by 
͑3͒
With the expression for the Green's function and help of the fluctuation-dissipation theorem, 13, 14 Eq. ͑3͒ can be computed numerically. The fluctuation-dissipation theorem states that the cross-spectral density of different components of a fluctuating current source in equilibrium at a temperature T is given by
where ⑀Љ() is the imaginary part of the dielectric function of the source, ⑀ 0 is the permittivity of vacuum, and ⌰(,T) is given by ប/͓exp(ប/k B T)Ϫ1͔. Table I . For the case of energy transfer between two half planes of cBN, one of them (zϽ0) is at temperature T ͑1000 K͒ and the other (zϾd) is at room temperature ͑300 K͒, separated by a layer of vacuum of thickness d. The results of the analysis are plotted in Fig. 1 . When the distance between the half planes is much larger than the characteristic wavelength (3 -10 m), the spectral energy transfer between the two plates reaches a constant value. Notice that there is very little energy transfer between TO and LO at dϭ1 mm. As the distance between the two half planes is decreased, the shape of the spectral energy transfer curve begins to change drastically, the region between TO and LO becoming more and more prominent. At a spacing of 100 nm, the peak spectral energy transfer, at 0.1565 eV, is close to three orders of magnitude larger than the energy transfer between two plane black surfaces at the same temperatures. This increase in energy transfer is because of the tunneling of fields due to the surface phonon polariton modes. The smaller peak that is observed at 0.1307 eV is due to the tunneling of evanescent waves since the dielectric function near TO takes on very large values. This narrowband energy transfer phenomenon can be exploited for a TPV application by introducing a thin layer of absorbing PV material as shown in Fig. 2 . The emitter, cBN, is modeled as a half plane at a temperature T ͑1000 K͒. Layer A is a layer of vacuum, B is a layer of PV absorber at room temperature, and C is vacuum. The imaginary and real parts of the dielectric function of the PV material are assumed to be of the form
where xϭប/E g and A and B are constants dependent on material properties. 15 This form of the dielectric function is appropriate for direct band gap semiconductors. For the purpose of our calculation, we have chosen (A,B,E g ) ϭ(6,10,0.13 eV).
The energy absorbed by the PV layer is calculated by computing the difference in the component of Poynting vector normal to the interfaces at zϭz 1 and zϭz 2 . We have chosen the thickness of the PV layer, z 2 Ϫz 1 , to be 100 nm. For the assumed dielectric function, most of the flux above the band gap of the PV layer is absorbed. The results for varying thickness of the vacuum layer ͑layer A͒ are shown in Fig. 3 . We see that as z 1 decreases, the flux absorbed by layer B increases in addition to becoming more narrowband in nature.
The total flux absorbed by the PV layer between 0.14 and 0.15 eV is plotted in Fig. 4 as a function of the vacuum gap thickness. It is seen that the power absorbed at a vacuum gap of 20 nm is 117 W cm Ϫ2 , almost three orders of magnitude higher than the solar insolation. At a vacuum gap of 100 nm, the power absorbed is 4.86 W cm Ϫ2 . While less than the power emitted by a blackbody source at 1000 K (5.67 W cm Ϫ2 ), the advantage is that the energy absorbed by the PV layer is in a much narrower bandwidth ͑full width half maximum is Ϸ2.5ϫ10
Ϫ3 eV as compared to Ϸ0.345 eV for blackbody radiation at 1000 K͒. While the detailed efficiency analysis for the present TPV cell will be presented elsewhere, a plot of the photon overexcitation efficiency (F 0 ) 20 is shown in Fig. 4 . F 0 is defined as the fraction of the energy absorbed by the PV layer that is usable. The value of F 0 is roughly 0.86 for this near monochromatic energy transfer while it is only 0.445 for a blackbody source at 1000 K and similar cell. This is an indication that in addition to improvements in power density, there could be improvements in efficiency as well. With hBN as the radiative layer, materials like InSb or Hg 1Ϫx Cd x Te can be potential materials for the PV layer. In the interest of brevity the results for hBN as emitter, which are similar to the results for cBN, are not presented here.
In summary, we have implemented a general scheme based on a Green's function method and the fluctuationdissipation theorem to compute radiative energy transfer between layered media. We have used the earlier method to compute the spectral energy transfer between two half planes. In particular, we have seen that in materials that support electromagnetic surface waves, it is possible to see not only an enhancement but also a narrowband characteristic to the thermal energy transfer between the surfaces. While we have analyzed only materials supporting surface phonon polaritons, plasmon polaritons could also be used to produce a similar effect, generally at higher frequencues. To utilize surface plasmons, we should find the right materials which can support low loss surface plasmon polaritons in the frequency range around 0.3-0.8 eV to match current TPV materials. We have analyzed the spectral energy transfer between a source material which can support surface waves and an absorbing PV layer. The energy transfer retains a part of the enhancement and narrowband characteristics that we have noticed between the two half planes. This effect can be used to improve the power density and efficiency of low temperature TPV generators.
